Background. We have developed a method of distinguishing normal tissue from pancreatic cancer in vivo using fluorophore-conjugated antibody to carcinoembryonic antigen (CEA). The objective of this study was to evaluate whether fluorescence-guided surgery (FGS) with a fluorophore-conjugated antibody to CEA, to highlight the tumor, can improve surgical resection and increase diseasefree survival (DFS) and overall survival (OS) in orthotopic mouse models of human pancreatic cancer. Methods. We established nude-mouse models of human pancreatic cancer with surgical orthotopic implantation of the human BxPC-3 pancreatic cancer. Orthotopic tumors were allowed to develop for 2 weeks. Mice then underwent bright-light surgery (BLS) or FGS 24 h after intravenous injection of anti-CEA-Alexa Fluor 488. Completeness of resection was assessed from postoperative imaging. Mice were followed postoperatively until premorbid to determine DFS and OS. Conclusions. FGS resulted in greater cure rates and longer DFS and OS using a fluorophore-conjugated anti-CEA antibody. FGS has potential to improve the surgical treatment of pancreatic cancer.
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An apparent curative resection is achieved in only 10-20 % of patients, however. 2 Positive margins, defined as the presence of cancer cells in the surrounding area after surgical resection, have been associated with increased local recurrence and decreased overall survival (OS). [3] [4] [5] [6] Therefore, complete resection of tumor is necessary to achieve cure and prolong survival in patients with pancreatic cancer.
Our laboratory has developed fluorescence-guided surgery (FGS) using patient-like orthotopic mouse models of human cancer that closely mimic patients. 7, 8 We have previously demonstrated that by enhancing the surgeon's ability to distinguish tumor margins labeled with green fluorescent protein, FGS resulted in more complete resection, subsequently improving disease-free survival (DFS) and decreasing pancreatic tumor burden postoperatively in an orthotopic mouse model of human pancreatic cancer. 7, 9 In the present study, we inquired whether the more clinically-relevant approach of FGS through the use of a fluorophore-conjugated antibody against carcinoembryonic antigen (CEA), to highlight the tumor, could enhance surgical resection and improve DFS and OS in orthotopic mouse models of human pancreatic cancer. The ability to have negative margins is of particular importance in pancreatic cancer.
METHODS

Cell Culture
Human BxPC-3-red fluorescent protein (RFP) pancreatic cancer cells were maintained in RPMI (Gibco-BRL, Grand Island, NY) supplemented with 10 % fetal bovine serum (Hyclone, Logan, UT). 10, 11 Antibody Conjugation
Monoclonal antibody specific for carcinoembryonic antigen (CEA) was purchased from Aragen Biosciences (Morgan Hill, CA). The antibody is an IgG monoclonal antibody to human CEA generated in murine species. The antibody was labeled with the AlexaFluor 488 or 555 Protein Labeling Kit (Molecular Probes Inc., Eugene, OR) according to the manufacturer's instructions. [12] [13] [14] Antibody and dye concentrations in the final sample were quantified using spectrophotometric absorbance with a Nanodrop ND 1000 spectrophotometer.
Animal Care
Female athymic nude mice (AntiCancer, Inc., San Diego, CA) were maintained in a barrier facility on highefficiency particulate air-filtered racks. All surgical procedures and imaging were performed with the animals anesthetized by intramuscular injection of 0.02 mL of a solution of 50 % ketamine, 38 % xylazine and 12 % acepromazine maleate. All animal studies were conducted in accordance with the principles and procedures outlined in the NIH Guide for the Care and Use of Animals under assurance number A3873-01.
Orthotopic Tumor Implantation
Orthotopic human pancreatic cancer xenografts were established in nude mice by direct surgical implantation of single 1 mm 3 tumor fragments from fluorescent BxPC-3-RFP subcutaneous tumors. [15] [16] [17] [18] The animals were anesthetized as described above. The tail of the pancreas was delivered through a small 6-10 mm transverse incision made on the left flank of the mouse. The tumor fragment was sutured to the tail of the pancreas with 8-0 nylon sutures. Upon completion, the pancreas was returned to the abdomen, and the incision was closed in two layers with 6-0 Ethibond nonabsorbable sutures (Ethicon Inc., Somerville, NJ).
Tumor Resection
A total of 73 mice were used in this experiment; 25 of them underwent FGS, another 22 mice underwent brightlight surgery (BLS), and the remaining 26 did not undergo any type of resection [14 received no treatment and 12 received 4 weeks of gemcitabine (GEM) treatment only]. Two weeks after orthotopic implantation of human pancreatic cancer, mice bearing BxPC-3-RFP tumors were randomly assigned to BLS, FGS, control (no treatment), or GEM treatment only (Fig. 1) . The mice in the FGS group received tail vein injection of 75 lg anti-CEA-Alexa Fluor 488 at 24 h before planned resection of the pancreatic tumor. For both the FGS and BLS groups, at the time of surgery, mice were anesthetized as described above and their abdomens sterilized. The tail of the pancreas was delivered through a midline incision, and the exposed pancreatic tumor was imaged preoperatively with the Olympus OV-100 Small Animal Imaging System (Olympus Corp, Tokyo Japan) under both standard bright-field and fluorescence illumination. 19 Resection of the primary pancreatic tumor was performed using the MVX-10 longworking distance microscope (Olympus) under bright-light illumination for the BLS group and under fluorescence illumination through a band-pass green fluorescent protein a (GFPa) filter (excitation 460-490 nm; emission 510-550 nm) for the FGS group. 20 The GFPa band-pass 
FIG
. 1 Study schema. Two weeks after implantation, the mice were randomized to 1 of 4 treatment groups: control (no treatment), GEM only, BLS with adjuvant GEM, or FGS with adjuvant GEM. Tumors were resected using the MVX-10 microscope. Starting on postoperative day 0, all mice from each surgical arm underwent 4 weeks of GEM treatment. GEM treatment was started 2 weeks after implantation of tumor fragments in the GEM-only group and continued for 4 weeks. All 73 mice were followed postoperatively and imaged weekly using the OV-100. When premorbid, the mice were humanely sacrificed for open imaging filter is unable to visualize signals in the red fluorescent range and thus is capable of only visualizing green fluorescence. Postoperatively, the surgical resection bed was imaged with the OV-100 under both standard bright-field and fluorescence illumination with a GFP filter (excitation 460-490 nm, emission 510 nm long-pass) which allows the green fluorescence of the antibody and red fluorescence of the tumor to be visualized in order to assess completeness of surgical resection in both groups.
Postoperative Chemotherapy Treatment
Gemcitabine (GEM) (Gemzar, Eli Lilly) was reconstituted in phosphate-buffered saline at a concentration of 30 lg/lL. Chemotherapy was initiated in the GEM-only group (n = 12) 2 weeks after implantation. 10, 21 All BLS and FGS mice (n = 22 and n = 25, respectively) also received adjuvant chemotherapy with GEM. Starting on postoperative day 1, mice received 150 mg/kg GEM twice weekly for 4 weeks via intraperitoneal injection. This dosing regimen was previously shown to have significant activity against RFP-expressing orthotopic pancreatic tumors without causing significant toxicity in nude mice. 10 
Longitudinal Animal Imaging of Tumor Growth and Recurrence
To assess for recurrence and to follow tumor progression postoperatively, weekly whole-body, noninvasive imaging of the mice was performed with the Olympus OV-100. The mice were followed until premorbid, at which point they were humanely sacrificed and open images were taken to evaluate primary pancreatic and metastatic tumor burden. Necropsy was performed on 1-year survivors. All mice that survived 1 year postoperatively were humanely sacrificed and their abdomens exposed for open imaging. Organs were also collected for ex vivo imaging to confirm the absence of fluorescent tumor, indicating no tumor recurrence. All images were analyzed with ImageJ software v1.440 (National Institutes of Health, Bethesda, MD). With ImageJ software, the intensity of fluorescence signal per pixel can be measured. With a set scale, the area of fluorescence can be calculated.
Data Processing and Statistical Analysis
SAS v9.2 (SAS Institute, Cary, NC) or R v2.15.2 was used for statistical analyses. Continuous variables (preoperative tumor burden, postoperative tumor burden, percentage tumor burden reduction) are described by mean ± standard error. The normality of the variables was assessed by visual inspection of histograms and normal Q-Q plots. A Welch's t test or Wilcoxon rank sum test was used to compare two groups, as appropriate. Pearson's correlation was used to explore the association between two continuous variables. Categorical variables (complete resection, recurrence, cure, and 1-year survival) were expressed as counts and percentages. Tests of significance used Fisher's exact test. To adjust for a factor that may affect binary outcomes, logistic regression analysis was performed. We compared OS and DFS between treatment groups by a log rank test. Median survival time and their 95 % confidence intervals (CIs) were calculated using the linear confidence interval method. We reported ?? for the upper bound of the interval if it could not be estimated. Hazard ratios (HRs) with their 95 % CIs were estimated by Cox proportional hazard models. The PH assumption was assessed by Schoenfeld residuals. 22 A two-sided p value of B0.05 was considered statistically significant for all comparisons.
RESULTS
Primary Tumor Resection
The first aim was to evaluate the efficacy of a green fluorophore-conjugated anti-carcinoembryonic antigen (CEA) antibody to fluorescently label the BxPC-3 tumor for enhanced detection to improve surgical resection of pancreatic cancer under fluorescence guidance. The experimental outline is depicted in Fig. 1 . There was no significant difference in preoperative tumor burden between the two surgical groups (p = 0.170). The mean preoperative tumor burden for the FGS group was 6.50 ± 0.601 versus 5.11 ± 0.813 mm 2 for the BLS group (Supplemental Fig. 1) .
The anti-CEA-Alexa Fluor 488 antibody was very sensitive and specific in labeling CEA-expressing pancreatic cancer in the mouse models. AlexaFluor 488 was visible under the GFPa filter, while the RFP-expressing tumor was visible under the RFP filter. The GFP filter (excitation 460-490 nm; emission 510 nm long pass) allows simultaneous visualization of both the green antibody and the red fluorescent protein-expressing tumor, giving off a yellow color seen in the GFP?RFP image of Fig. 2 . The high correlation between red and green fluorescence (Pearson correlation 0.83, p \ 0.001) indicates that the antibody can accurately bind and label the CEA-expressing pancreatic cancer for proper delineation of tumor margins for surgical navigation. Regarding nonspecific staining, we used RFPexpressing tumors to be sure the green fluorescing anti-CEA antibody effectively labeled the tumor by imaging both labels. It is possible that the small deposits of tumor shown in Fig. 2 were not detected by the RFP filter used (emission 570-623 nm). In future experiments, spectral separation will be used to more sensitively detect both labels.
Comparing the two groups, the mean postoperative tumor burden in mice from the FGS group (0.0003 ± 0.0003 mm 2 ) was significantly less than in the BLS group (0.1042 ± 0.036 mm 2 ; p = 0.009) (Supplemental Fig. 2 ). Moreover, under FGS, the reduced tumor burden was achieved without compromising normal pancreatic tissue or resulting in extensive organ removal. On average, 99.99 % of tumor burden was reduced under fluorescence guidance compared to 96.89 % under standard white light (p = 0.02). With the enhanced precision of FGS, greater preservation of the pancreas was possible without compromising surgical resection of the tumor. Furthermore, FGS improved complete resection rates from 10 of 22 (45.5 %) in the BLS group to 23 of 25 (92 %) in the FGS group (p = 0.001) ( Table 1) .
Cure and 1-Year Survival
The second aim of this study was to investigate whether FGS improved recurrence, rate of cure, and 1-year survival after resection compared to BLS. Cure was defined by the absence of tumor at time of death or termination as long as the mouse survived longer than 12 weeks postoperatively. As shown in Table 1 , there was a significant increase in the cure rate from 4.5 % in the BLS group to 40 % in the FGS group (p = 0.01). The increase was still statistically significant with adjustment for preoperative tumor burden (p = 0.007), assessed by a logistic regression model. FGS also afforded significantly higher 1-year survival rates (defined as alive at 1 year postoperatively) compared to BLS. No mice survived to 1 year in the BLS group, compared to 7 of 25 (28 %) alive 1 year postoperatively with FGS (p = 0.01). Notably, these mice were assessed with open and ex vivo imaging 1 year postoperatively and found to be free of tumor (Table 1 ). An exact logistic regression model showed a significant difference remains when preoperative tumor burden was adjusted for (p = 0.007). 
DFS and OS
The mice were followed with weekly noninvasive whole-body imaging to assess for recurrence and to follow tumor progression. Mice were followed until criteria for premorbidity were met, at which time the mice were humanely sacrificed and overall length of survival (OS) in weeks was documented. DFS was documented as the earliest point in the postoperative period that tumor was visualized by weekly whole-body imaging. We compared DFS between the two surgery groups and OS among the four treatment groups. Survival estimates along with 95 % CIs are presented in Supplemental Table 1. FGS significantly lengthened DFS (p \ 0.001), as demonstrated by the Kaplan-Meier survival curves in Fig. 3 . Overall, mice that underwent FGS experienced a median DFS of 11 weeks (95 % CI 7, 40), compared with 5 weeks in the BLS group (95 % CI 4, 6) (Supplemental Table 2 ). A Cox proportional hazard model, adjusting for preoperative tumor burden, also showed reduced risk of recurrence or death in the FGS group compared to BLS (HR 0.27, 95 % CI 0.13, 0.54, p \ 0.001).
OS differed among the four treatment groups, with FGS?GEM resulting in longer survival compared to BLS?GEM (HR 0.33, 95 % CI 0.16, 0.64, p = 0.001) (Fig. 4) . Treatment with GEM only or with BLS and adjuvant GEM did not provide the mice with any significant survival advantage over the control mice (no treatment group) (HR 1.05 comparing no treatment vs. BLS?GEM, 95 % CI 0.53, 2.06, p = 0.89; and HR 0.93 comparing GEM alone vs. no treatment, 95 % CI 0.43, 2.02, p = 0.86). Median OS remained low at 14 weeks (95 % CI 10, 17) for the control group as well as the GEM-only group at 15 weeks (95 % CI 11, 20). We previously showed that another pancreatic cancer cell line, MiaPaCa-2, had in vivo sensitivity to GEM. 10 Therefore, in this study, we used a similar dosing scheme, but the above result suggests that the BxPC-3 may not be as sensitive to GEM as MiaPaCa-2. However, a significant increase in median OS was achieved in mice in the FGS?GEM group (22 weeks; 95 % CI 14, ??) compared to the BLS?GEM group (13.5 weeks; 95 % CI 10, 16). It was noted that because two BLS mice and five FGS mice died within the first 4 weeks of GEM treatment, OS rates were lower in the two surgical groups for the first few weeks, and the OS curves consequently crossed one another (Fig. 4) . In spite of this, the Cox proportional hazard assumption was not significantly violated (p C 0.07), suggesting that this method is an appropriate analytical technique.
DISCUSSION
A number of different methods have been used to label tumors for FGS. One example is the use of activatable probes that rely on high tumor tissue enzymatic activity or the acidic pH in lysosomes. 23, 24 Other examples include the use of replication-competent adenovirus engineered to express GFP in the presence of activated telomerase or by targeting rapidly replicating cells with the oncolytic herpes simplex-1 virus, NV1066. [25] [26] [27] [28] Furthermore, there has been interest in using fluorophore-conjugated antibodies to unique surface markers expressed by individual tumor types. 12, 14, 29, 30 These methods have all shown promising 31 Another example is indocyanine green (ICG), a nontoxic compound that exhibits maximum near-infrared fluorescence (NIRF) when stimulated at 780 nm. 31 Recent technological developments in NIRF imaging have been used in investigational human studies for mapping lymphatic vasculature for intraoperative sentinel lymph node detection for cancer staging and intraoperative identification of certain solid tumors as well as intraoperative assessment of tissue perfusion in reconstructive surgery via NIRF angiography using ICG. [32] [33] [34] [35] [36] [37] [38] [39] [40] More recently, use of ICG has been evaluated in fluorescence cholangiography for biliary-tree delineation during laparoscopic cholecystectomy to reduce morbid complications of bile duct injuries. 34, 41, 42 However, ICG cannot be conjugated to tumor-specific targets and so cannot specifically label tumors. In addition, its fluorescent properties are less effective than other emerging dyes. 43 Our group has previously described the use of conjugated monoclonal antibodies specific for either CA19-9 or CEA to successfully deliver green fluorophores for labeling of human pancreatic and colon cancers in nude mice. 12, 29 The fluorescence labeling of tumors made them visible under fluorescence lighting when they were not visible under bright light. Furthermore, fluorophore-conjugated anti-CEA antibodies improved the accuracy and diagnostic yield of staging laparoscopy in orthotopic and carcinomatosis mouse models of pancreatic cancer. 14 In the present study of FGS in an orthotopic mouse model of pancreatic cancer, anti-CEA antibody was used since up to 98 % of pancreatic ductal adenocarcinomas express CEA, making our approach translatable. 44 Indeed, labeling with BxPC-3 was similar to a patient-derived orthotopic xenografts (PDOX), indicating that patient pancreatic tumors should be brightly labeled with this antibody. 45 Providing surgeons with a more objective way of delineating tumor from normal tissue with fluorescent probes specific for the tumor may improve the curative potential of surgery in these patients.
In conclusion, in this study in an orthotopic mouse model of pancreatic cancer, we demonstrated that FGS with fluorophore-conjugated antibodies improved surgical outcomes, reduced recurrence rates, and increased cure rates leading to improved 1-year survival rates. In order to accurately mimic the clinical situation, adjuvant GEM was also administered after FGS. With improved surgical resection of primary pancreatic cancer, FGS extended DFS and OS. The results of the present study provide a highly translatable protocol to the clinic for FGS of pancreatic cancer with an expectation of significant improvements in outcome.
